Objective The purpose of this study was to examine a new MRI technology, dynamic cerebrospinal fluid (CSF) flow, to examine sporadic cerebellar ataxia patients with cortical cerebellar atrophy (CCA) and multiple system atrophy-cerebellar type (MSA-C). Methods Nine CCA patients (3 men and 6 women; mean age: 64.2±6.9 years) and 31 MSA-C patients (13 men and 18 women; mean age: 62.7±6.8 years) were examined by a dynamic CSF flow analysis. All CSF flow data were evaluated by phase contrast-MRI using a 1.5T MRI scanner. The CSF flow was calculated by 15 images in the equidistant MRI sequence which was taken through a cardiac cycle.
Introduction
Cerebellar ataxia is characterized by symptoms associated with a disturbed coordinate balance, gait, extremity and eye movements. The dysfunction of the cerebellum also causes dyssynergia, dysdiadochokinesis, hypotonia, and tremor (1) . Cortical cerebellar atrophy (CCA) and multiple system atrophy-cerebellar type (MSA-C) are the representative types of sporadic cerebellar ataxia.
The pathological features of CCA consist of atrophy of the cerebellar cortex and the degeneration of Purkinje cells with gliosis. Conversely, MSA-C consists of widespread neurodegeneration in the striatonigral and olivopontocerebellar structures accompanied by distinctive accumulation of α-synuclein in glial cytoplasmic inclusions (2) . Although these pathological features are distinct, both CCA and MSA-C show clinically similar cerebellar symptoms (3), which may make it difficult for the differential diagnosis of CCA and MSA-C, especially at early stages. In addition to the conventional cerebral blood flow (CBF) analysis, a dynamic cerebrospinal fluid (CSF) flow analysis with magnetic resonance imaging (MRI) is an important tool for revealing diseases such as hydrocephalus, Chiari malformation, syringomyelia, multiple sclerosis, and amyotrophic lateral sclerosis (4) (5) (6) (7) (8) . However, this new technology has not yet been applied in the patients with cerebellar ataxia. In the present study, therefore, we utilize this dynamic CSF flow analysis in cerebellar ataxia patients as a potential method for differentiating CCA and MSA-C.
Materials and Methods

Participants
The patients who received care in the sporadic spinocerebellar ataxia (SCA) outpatient clinic of Okayama University Hospital from November 2009 to March 2014 were included in the present study. Among them, 9 patients with CCA (3 men and 6 women; mean age: 64.2±6.9 years) and 31 patients with MSA-C (13 men and 18 women; mean age: 62.7±6.8 years) were examined for the present analysis and were thus included in this study. There was no significant differences in the ages at examination and at disease onset between the two groups, however, the disease duration was longer in the CCA patients (9.8±6.4 years, ** p<0.01) than in the MSA-C patients (3.6±2.4 years). All the patients were assessed by the standardized Scale for the Assessment and Rating of Ataxia (SARA) (9) ( Table 1 ). The clinical diagnoses of CCA were based on the general exclusion criteria. In this study, all the CCA patients presented with adult onset slowly-progressive cerebellar ataxia without a family history. We excluded the patients with neoplastic disease, structural deformities including congenital anomalies, poisoning, metabolic disease, paraneoplastic neurological syndrome, immune mediated cerebellar syndrome, and the parkinsonian subtype of multiple system atrophy-parkinsonian type (MSA-P). The patients with CCA also presented with pure cerebellar ataxia and demonstrated no involvements with pyramidal, extrapyramidal, and cortical signs (10) (11) (12) . The diagnoses of MSA-C were based on the second consensus statement on the diagnosis of MSA (11) . We enrolled the MSA-C patients who started to exhibit the characteristic cerebellar symptoms of the disease. All the patients were of Japanese descent, and the clinical data of the patients with CCA and MSA-C were summarized in Table 1 (upper section).
Ethical approval for this study was given by the Ethics Committee on Epidemiological Studies of the Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences (approval #304), and written informed consent was obtained from all the participants prior to enrollment in this study.
CSF flow imaging
The CSF flow was measured with the patients in the supine position according to our previous report (8) . All flow images were evaluated by phase contrast-magnetic resonance imaging (PC-MRI) using a 1.5T MRI unit (Archieva, Philips, Amsterdam, The Netherlands). The imaging parameters were as follows: repetition time =19.4 milliseconds (ms), echo time =11.9 ms, flip angle =15°, 15 images/cycle, acquisition matrix =256×256, pixel size =0.31×0.31 mm, cardiac synchronization. This study was performed using an oblique plane perpendicular to the long axis of the pons (Fig. 1A-D) . Regions of interest (ROI) were manually drawn to encompass the cross-sectional area of the prepontine cistern bilaterally and were determined on the prepontine cistern where the perpendicular lines to the line that linked the two internal carotid arteries from these 2 arteries intersect ( Fig. 1E, F) .
The placement of ROI was determined by a previous report (13) . Elliptical ROI were placed over the pons in the midsagittal slice (Fig. 1A, B) . The MRI measurements were performed based on two lines to define the major axes of the ellipses, corresponding to the oblique superior-inferior axes (Fig. 1C, D , dotted lines). The maximal measurement perpendicular to the major axis was taken (Fig. 1C, D, thick lines) . In all cases, the posterior border of the pontine base was clearly identified and did not include the pontine tegmentum. All measurements were performed by another rater who was blinded to the clinical information (13) .
The length of the prepontine cistern (PPC) was measured by drawing the median line on the cross-sectional area, and the maximal measurement of the line on the prepontine cistern was taken (Fig. 1E, F, thin lines) .
Flow analysis
A flow analysis was also performed according to our previous report (8) . The caudocranial flow was represented by positive values, while craniocaudal flow was represented by negative values. The CSF flow, which summed up the flow at each pixel, was calculated by the ROI of 15 images in the equidistant MRI sequence that was taken through a cardiac cycle, and then approximate flow curves were extracted. We obtained several quantitative parameters through these calculations: the mean velocity of each time point (Velocity), the width of the CSF velocity (Vheight), the maximum velocity of the CSF (Vmax), the minimum velocity of the CSF (Vmin), the length of the minor axis of the pons (LMA), the length of the PPC, and the ellipse area of pontine base, i.e., the area of elliptical ROI (EPA) ( Table 1 , lower section). Furthermore, Vheight was represented by the difference between the maximum velocity and minimum velocity. 
Statistical analysis
Statistical analyses were performed using a statistical software package (SPSS 22.0.0.0, IBM, Armonk, USA). After checking for normality, we performed Mann-Whitney tests to compare the Velocity, Vheight, Vmax, and Vmin between the CCA patients and the MSA-C patients. Statistical significance was considered to exist at p values less than 0.05. In order to examine the influence of the disease duration, Vheight, Vmax, Vmin, LMA, PPC, EPA, and SARA on the CCA and MSA-C patients, we performed Spearman's rank correlation coefficient tests among the CCA patients and the MSA-C patients. Vheight and Vmin were assessed as a function of the disease duration (M) and the LMA (mm) using a linear regression analysis and R 2 (coefficient of determination) were calculated, respectively.
Results
MRI measurements
The LMA (mm) and the EPA (mm 2 ) of the MSA-C patients (11.5±2.1 mm, 183.8±42.6 mm 2 , respectively; ** p< 0.01 vs. the CCA patients) showed a significant atrophy than that of the CCA patients (15.5±1.1 mm, 314.4±48.0 mm 2 , respectively). Similarly, the PPC (mm) of the MSA-C patients (8.4±1.3 mm; ** p<0.01 vs. the CCA patients) showed a significant dilatation than that of the CCA patients (6.5±0.8 mm) ( Table 1 , lower section). The "hot cross bun" sign was evident in the pons in 77.8% of the MSA-C patients, and a T2-hyperintensity of the middle cerebellar peduncle was observed in 74.1% of the MSA-C patients. Table 2 shows the mean values of Velocity (cm/s) at each time point, and Fig. 2 illustrates the time-dependent changes. Compared with the CCA patients, the absolute values of the velocity of the MSA-C patients were reduced at time points 5 and 13 ( * p<0.05 and ** p<0.01 vs. the CCA patients, respectively; Table 2 ).
CSF flow velocity
The Vheight (cm/s), Vmax (cm/s), and Vmin (cm/s) showed a tendency to be reduced in the MSA-C patients (Vheight: 0.9±0.6, Vmax: 0.4±0.2, Vmin: -0.6±0.4) compared with the CCA patients (Vheight: 0.7±0.2, Vmax: 0.3± 0.1, Vmin: -0.4±0.2), however, no significant differences were found between the two groups ( Table 1 , lower section).
Correlation and regression analyses
In the CCA patients, the analyses of the correlations among the disease duration, Vheight, Vmax, Vmin, LMA, PPC, EPA, and SARA revealed small correlations in Spearman's rank correlation coefficient except for the insignificant correlations of three velocity-related parameters (Table 3, top scores). In contrast, significant correlations were found in the MSA-C patients between the disease duration and Vheight (r=-0. To evaluate the disease duration and LMA effects on the CSF flow characteristics, the data from the CCA and MSA-C patients were plotted to create a scatter diagram and regression lines were calculated (Fig. 3, 4) . The linear regressions between Vheight and the disease duration revealed a strong correlation in the MSA-C patients (solid line: * p= 0.018, R 2 =0.184, slope=-0.004) but not in the CCA patients (dotted line: p=0.709, R 2 =0.021, slope=-0.001) (Fig. 3A) . A significant correlation was also observed between Vmin and the disease duration in the MSA-C patients (solid line: ** p= 0.007, R 2 =0.007, slope=0.003), but not in the CCA patients (dotted line: p=0.818, R 2 =0.008, slope=0.0004) (Fig. 3B) . Conversely, there was no significant correlation between Vheight (dotted line: p=0.381, R 2 =0.111, slope=0.161 in the CCA patients; solid line: p=0.451, R 2 =0.022, slope=0.017 in the MSA-C patients) (Fig. 4A) or Vmin (dotted line: p= 0.296, R 2 =0.154, slope=-0.13 in the CCA patients; solid line: p=0.585, R 2 =0.012, slope=-0.009 in the MSA-C patients) (Fig. 4B ) and the LMA both in the CCA and MSA-C patients. However, both scatter diagrams showed a clear difference in the dispersion between the CCA and MSA-C patients (Fig. 4) .
Discussion
The present retrospective study confirmed that the MSA- C patients showed a significant atrophy of the basilar part of the pons (Fig. 1D , Table 1 ) (3, 10) with dilatation of the prepontine cistern (Fig. 1D, F , Table 1 ). The present CSF flow study demonstrated two novel findings. First, the Velocity of the prepontine CSF flow was significantly reduced in the MSA-C patients at 2 time points of the deceleration phase compared with the CCA patients (Fig. 2 , Table 2 ). Second, Vheight and Vmin showed good correlations with the disease duration and the SARA solely in the MSA-C patients (Fig. 3, 4 , Table 3 ). CCA is generally characterized by sporadic late-onset cerebellar ataxia with cortical cerebellar atrophy (14) (15) (16) . MSA-C is characterized by progressive limb and gait ataxia with both pontine and cerebellar atrophy (17) . Although both CCA and MSA-C exhibit clinically similar cerebellar symptoms, MSA-C additionally involves autonomic, parkinsonian, and pyramidal signs with varying pathology (3). However, the common clinical manifestations sometimes lead to confusion or misdiagnosis in these two similar, but distinct diseases.
In addition to the conventional MRI studies, single-photon emission computed tomography (SPECT) was used to distinguish these two diseases at early stages using an easy Zscore imaging system (eZIS) and demonstrated a regional cerebral blood flow (rCBF) decline in the cerebellum in the CCA patients and in the cerebellum plus pons in the MSA-C patients (18) . Other functional studies, such as dynamic CSF flow analyses with MRI, have been newly applied to reveal the mechanism and occasionally the diagnosis of neurological diseases such as hydrocephalus, Chiari malformation, syringomyelia, and multiple sclerosis (4-7). We have previously reported this new technology for diagnosing amyotrophic lateral sclerosis (8) . In the present study, we showed for the first time that the CSF flow analysis is also useful for the differential diagnosis between CCA and MSA-C ( Fig. 1-4) . In the MSA-C patients, the decline of Velocity correlated with the disease duration (Fig. 3) , suggesting that the CSF flow abnormality may mainly reflect the progressive pontine atrophy in the MSA-C patients concomitant with the prepontine dilatation (Fig. 1D, F) . However, the number of CCA patients (n=9) in the present study was limited compared with the MSA-C patients (n=30); this may have affected the statistical power of the analyses.
In summary, the present study demonstrated significant correlations between the disease duration and the SARA and Vheight, Vmin, or the LMA in the MSA-C patients but not in the CCA patients (Table 3, Fig. 3 ). In particular, a tendency in the decline in the Velocity was observed in the MSA-C patients compared with the CCA patients (Table 1, 2), collectively suggesting that this particular CSF flow analysis may be a new surrogate marker for differentiating the MSA-C patients from those with CCA.
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